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bulk coupled-cavity schemes of [71, [8] and the fiber geom- 
etry, with its tight lateral confinement of the light, enable 
this to be achieved. The fiber geometry, however, may 
have an advantage as it does not suffer from the poten- 
tially destablishing influence of coherent interference ef- 
fects typical of many coupled-cavity configurations. Inves- 
tigations are continuing. 
In conclusion, a self-starting CW passively mode-locked 
fiber laser using a semiconductor nonlinear end mirror in 
a basic Fabry-Perot cavity has been developed, which is 
naturally insensitive to the birefringence of the fiber. We 
believe this simple configuration represents an important 
step towards the development of a compact and robust 
picosecond fiber pulse source. 
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Nonlinear Second-Order Susceptibilities of 
Asymmetric and Electric-Field-Controlled 
Multiple-Quantum- Well Structures 
Juh-Tzeng Lue and Kuan-Wei Ma 
Abstract-Optical second-order reflectances for asyqnetric 
multiple-quantum-well structures of Ga, - .AI,As / GaAs com- 
pounds are measured by pumping with a Q-switched and mode- 
locked Nd:YAG laser at wavelength 1.06 pm. No enhancement 
of the second-order susceptibility is detected from the interband 
and off-resonant absorption. Upon increasing the doping con- 
centration, the second-harmonic signal decreases and even dis- 
appears at high doping. These experimental results are not in 
accordance with theoretical predictions. 
ONLINEAR optical properties of quantum-well N m w ,  structures [11-[31 and superlattices composed 
of compound semiconductors illustrate many brilliant 
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physical properties of these newly developed materials. 
The second-order nonlinear susceptibility, besides, arising 
from the bulk zinc-blend structure of Ga,  - I Al,As which 
yields d f t ;  may also have a contribution from optical 
transitions of asymmetric band states and subbands result- 
ing from the grown structure [l], [4] or external biasing [31, 
[5]. Quantum confinement of carriers leads to the exis- 
tence of strong resonance in the absorption spectra at- 
tributed to inter conduction-to-valence band and intersub- 
band transitions. When band offsets and effective mass 
differences become large and the well thickness becomes 
small, one has to include unconfined levels and excitonic 
effects. Excitons could not affect‘by themself the suscepti- 
bility, if there were no many body correlation between 
them. Furthermore, for holes confined within individual 
wells because of their large effective mass, the overlap 
integrals crucial to the intraband transition are small and 
the transition probability for heavy hole to conduction 
1041-1 135/93$03.00 0 1993 IEEE 
3s 
band is nonzero only when the applied electric field is in 
the direction of broken inversion symmetry. In this work, 
we attempt to investigate the tacit assumptions experi- 
mentally. 
For the 1.06 p m  pump light, the incident photon energy 
is close to the valence hole-state to the conduction elec- 
tron-state transition energy. If the incident p-wave is 
polarized in the x - z plane where z is the normal of the 
quantum-well surface, the second-order susceptibility con- 
tributed from the interband transition in any asymmetric 
QW structure [4] is 
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where Nd is the average doping density, GI's are the ith 
subband envelope functions solved from the one-dimen- 
sional Schrodinger equation for carriers in the QW, 
h w l l ( k / / )  = E, - E , ( k / / )  with k ,  being the two dimen- 
sional components of wave vector k ,  and F, is a fraction 
of electrons in the ith subband. For the interband transi- 
tion process, the ground states are filled valence sub- 
bands. In the effective mass approximation, these states, 
confined and unconfined, together make up a complete 
orthonormal set; therefore, the positive and negative terms 
in (1) cancelled out. On the other hand, in the intersub- 
band transition, only the ground state is filled, the summa- 
tion over the complete set of states cannot be cancelled, 
and x'2) is large even for off-resonance absorption. 
For symmetric QW structure, it is clear that the second 
order susceptibility is zero unless an external field is 
applied. The Stark Effect implies the wavefunction +,(z> 
of the u-subband to be Airy functions, and the susceptibil- 
ity near resonance is [31 
where Wb, = ( E b  - E,)/h,  Mhu = ( b l M l u )  = -I!: ,  
dz+g(z)  ez+,(z), N, - N2 is the electron population dif- 
ference of the two levels, and ybu is the absorption band 
width. This equation suggests that d2"' is linearly propor- 
tional to the applied electric field. At a field of 70 kV/cm, 
the d2" for the GaAs QW is predicted to be enhanced by 
100 fold [3], 151. 
To observe the enhancement effects of asymmetric QW 
structure, there must be at least two subbands in the 
conduction ban4 which requires the well width to be 
larger than' 50 A. In accordance with the sum rule for 
oscillator strength, large separation between sublevels in 
each band is the foremost condition necessary for large 
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Fig. 1. The schematic diagram of the superlattice. 
x ( * ~ ) .  Thus, in order to detect enhancement effects, large 
band offsets or thinner well width is required. 
We can derive the susceptibility d2" from the measured 
SH reflectivity R2" through the B.P. theory [6] which 
relates the angular dependence of the SH field Eiw with 
the incident angle 8, of the fundamental field Elw. A slight 
manipulation can yield 
R 2 Y  0,) 
87r IEi" 1' 
c IEIwl4 
-- - 
sin2 8, cos4 
= 84.67 
l J t ( 2 w )  - sin2 8, +cos O , I * I  
J e ( 2 w )  - sin2 O, + 4-1' 
1 
X cm2/watt 
I € (  o)cos 8, + d e (  o) - sin2 O, i 4  
(3) 
where d;? is in electrostatic unit. This equation will be 
implemented in the following experiments. 
The experimental setup has been described elsewhere 
[7]. The light source is a Coherent product Model 76-5 
Q-switched and mode locked Nd:YAG laser. The first 
sample we detected is a superlattice grown by molecular 
beam epitaxy with structure as sketched in Fig. 1. The 
second-harmonic (SH) reflectivity as shown in Fig. 2 can 
be fitted nicely with B.P. theory [6] which yields d:: = 
1.95 x esu, slightly lower than the value of bulk 
GaAs. The superlattice structure can be considered as a 
new material with the electronic wave functions to be 
constrained in lower dimensions. To test the dc Stark 
effect on the QW structure, we sputtered a conducting 
indium-tin-oxide (ITO) film on the surface of superlattice 
sample. The I T 0  thin films are known to have high 
optical transparency in the visible and near IR range, and 
do not contribute to SH generation. We then applied a dc 
voltage to the sample as large as the current to break- 
down and detected the SHG signal. In contrary to (2>, no 
difference of the SHG with Fig. 2 has been found. TO 
clear up that possibly most of the voltage drop is across on 
the intrinsic Ga,  -.Al,As barrier layers rather on the low 
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Fig. 3 .  Superlattice composed of p-i-n structure. 
resistivity GaAs layers, we have constructed superlattices 
with heavy doping in the barrier layers as shown in Fig. 3.  
In this well width, two well-separated electronic levels 
(i.e., E,, = 0.08 ev and E,, = 0.311 ev) are supported by 
the conduction-band QW. Strangely, we could not detect 
any SHG no matter whether the voltage is applied or not. 
Presumably, the heavy doping produces structural defects 
which degrade the coherence of the anharmonicity of 
lattice oscillations. Additionally, the optical absorption 
increases with the doping concentration, attenuating all 
the low-level SH photons generated beneath the cover 
layer. 
We also grew the assymetric QW structures as depicted 
in Fig. 4 with the SH reflectivity as shown in Fig. 5. The 
lineshape doesn't comply with B.P. theory which arises 
from the nonlinear susceptibility in noncentrosymmetric 
crystal. The x ( 2 )  as shown in this asymmetric QW is not 
enhanced as predicted by (1). To verify that subbands 
existed in these multiple QW structures for making inter- 
band transition, we measured the photo luminescence 
spectrum at 17 K as shown in Fig. 6 which clearly shows 
four hole-to-electron subband exciton transitions for the 
asymmetric QW. 
In conclusion, according to the present experimental 
results, we do not detect the predicted large enhancement 
of SHG for the asymmetric QW and biased symmetric 
superlattice. Presumably, the theoretical derivation is so 
superficial and idealized that it does not describe the true 
physical conditions. The effect of a cancelling contribu- 
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Fig. 5.  Second-harmonic reflectivity of the asymmetric QW. 
tion from higher subbands, reduction of overlap integrals 
by electronic screening, detrimental effect of absorption 
due to doping, index mismatch at each QW boundary and 
partial filling of the conduction subbands may significantly 
degrade the x ( ~ ) .  The problem still needs further explo- 
ration by employing lasers of 'different wavelength to 
diagnose other specially fabricated QW structures. 
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Measurement of Group Effective Index in 
Integrated Semiconductor Optical Waveguides 
S. Morasca, F. Pozzi, a n d  C. De Bernardi 
Abstract-The effective group index of InGaAsP/ InP moder- 
ately diluted MQW waveguides grown by M O O  on InP has 
been measured in the 1.55 p m  spectral region. The used tech- 
nique is based on the Fourier analysis of the spectral transmis- 
sion function of a resonant cavity formed by the waveguide itself. 
Accuracy to the third decimal place is demonstrated, and dif- 
ferences between TE and TM indexes are also evidenced. 
I. INTRODUCTION 
E accurate determination of the refractive indexes 
of guided modes plays a fundamental role in waveguide 
technology: precise values of these parameters are needed 
both to design optical guided-wave devices, and to test the 
validity of the theoretical models used to calculate the 
waveguide propagation constants from the geometrical 
and material parameters of the guide. 
In the case of planar, nonburied waveguides, accurate 
measurements of effective (phase) indexes can be ob- 
tained by prism or grating coupling (within or even 
better) [l], [ 2 ] ,  but for stripe waveguides these methods 
are very difficult to implement. For these structures, far 
more interesting from the application standpoint, a spe- 
cific technique has been developed, based on cutoff spec- 
tra of guided modes [31: it provides results accurate within 
again for phase effective indexes; to our knowledge, 
group effective indexes of waveguides are available only in 
the case of multimode laser diodes, from the spacing of 
their emission modes, and with an accuracy not better 
than about 141. 
T” of the constituent materials and the effective indexes 
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work was supported in part by EEC as part of RACE Project 1027. 
In this work the first direct measurements of effective 
group indexes of moderately diluted multiquantum well 
(MD-MQW) waveguides are presented. The used method 
is based on a wavelength scan of a resonant cavity, formed 
by the guide under measurement 151, and can be used on 
any type of waveguide, but is particularly suitable for 
semiconductor waveguides, whose cleaved facets provide 
sufficient reflectivity without any further preparation. 
11. PRINCIPLE OF THE TECHNIQUE 
As well known, the transmittance T of a Fabry-Perot 
resonator formed by a lossy medium, as function of the 
incident frequency v can be expressed as [6] 
e-nl-  
1 + R2e-2aL - 2Re-“L cos ~ 4 r r ~ u n  (‘1 
where cy is the cavity internal loss, L its length, n the 
refractive index of the medium filling the cavity, R the 
cavity mirror reflectivity, and C a constant. 
The period P of function (1) depends only on U ,  L,  and 
n (provided that a and R are not rapidly varying with U ) ,  
and is given by the following relationship: 
T = C  
C 
r 
P =  
where the medium dispersion has been taken into ac- 
count. From (2) the group index ng = ( n  + v d n / d v )  can 
be obtained as a function of P and U ,  if L is also known. 
Using a tunable, narrow linewidth laser source it is easy to 
cover a large number of periods of the cavity, while 
monitoring the wavelength by means of a wavemeter, and 
therefore to determine adequately the period itself; in the 
case of a waveguide, the effective indexes neff and nef fg  
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